Abstract Surface fluxes, originating from forest patches, are commonly calculated from atmospheric flux measurements at some height above that patch using a correction for flux arising from upwind surfaces. Footprint models have been developed to calculate such a correction. These models commonly assume homogeneous turbulence, resulting in a simulated atmospheric flux equal to the average surface flux in the footprint area. However, atmospheric scalar fluxes downwind of a forest edge have been observed to exceed surface fluxes in the footprint area. Variations in atmospheric turbulence downwind of the forest edge, as simulated with an E -ε model, can explain enhanced atmospheric scalar fluxes. This E -ε model is used to calculate the footprint of atmospheric measurements downwind of a forest edge. Atmospheric fluxes appear mainly enhanced as a result of a stronger sensitivity to fluxes from the upwind surface. A sensitivity analysis shows that the fetch over forest, necessary to reach equilibrium between atmospheric fluxes and surface fluxes, tends to be longer for scalar fluxes as compared to momentum fluxes. With increasing forest density, atmospheric fluxes deviate even more strongly from surface fluxes, but over shorter fetches. It is concluded that scalar fluxes over forests are commonly affected by inhomogeneous turbulence over large fetches downwind of an edge. It is recommended to take horizontal variations in turbulence into account when the footprint is calculated for atmospheric flux measurements downwind of a forest edge. The spatially integrated footprint is recommended to describe the ratio between the atmospheric flux and the average surface flux in the footprint.
Introduction
Atmospheric flux measurements reflect surface fluxes in an upwind source area; 'flux' refers to a vertical turbulent flux of an entity (e.g. heat, CO 2 , momentum). The sensitivity of the atmospheric flux to the surface flux at a certain location is given by the footprint function. Conversely, surface fluxes can be calculated from an atmospheric observation above the investigated patch using a footprint-derived correction for surface fluxes from the upwind area. This option makes the footprint especially useful in complex terrain.
Conservation of mass and energy requires that the atmospheric flux equals the average surface flux of the footprint area in the case of stationary, homogeneous turbulence and in the absence of atmospheric sinks or sources. Observations by Klaassen et al. (2002) show, in contrast, enhanced atmospheric heat fluxes downwind of a forest edge; with 'enhanced' we mean higher that the average surface flux in the footprint area. Simulations by Sogachev et al. (2004) showed large variations in the atmospheric scalar flux over hilly terrain with a spatially constant surface flux, also implying that the atmospheric flux deviates from the average surface flux in the footprint area. These results indicate that deviations between atmospheric fluxes and average surface fluxes are realistic and should be accounted for in footprint models.
Most footprint models nowadays depend on the assumption of homogeneous turbulence and models depending on this assumption will be denoted 'common' footprint models. Turbulence in complex terrain is seldom homogeneous, especially in situations with orography, irregular placed obstacles, or landscapes with large variations in surface roughness. All atmospheric fluxes are related to turbulence, so inhomogeneous turbulence may cause the atmospheric flux to deviate locally from the average surface flux in the footprint. We hypothese that common footprint models can be improved when horizontal variations in turbulence downwind of a forest edge are taken into account. This hypothesis will be validated using an updated version of the model of Sogachev et al. (2004) .
Method

Theoretical consideration
The footprint function f (m −1 ) describes the sensitivity of a vertical turbulent flux η at r to the surface forcing Q at separation (r ). In integral form (Pasquill and Smith 1983; see also Schmid 2002):
where R is the integration domain. In order to evaluate the impact of inhomogeneous turbulence on atmospheric flux measurements we adopt the integrated footprint function, derived from Eq. (1) as
